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Summary 
TFIIB is an essential component of the machinery 
that transcribes protein-coding genes. The three-dimen- 
sional structure of the human TFIIB core domain 
(TFIIBc) has been determined using multidimensional 
heteronuclear magnetic resonance spectroscopy. The 
molecule consists of two direct repeats that adopt sim- 
ilar e-helical folds, conferring pseudo-twofold symme- 
try. An extensive, central basic surface including an 
amphipathic ~ helix is critical to the function of TFIIB 
as a bridge between the TBP-promoter complex and 
RNA polymerase II and associated general and regula- 
tory transcription factors. Similarities between the 
TFIIBc and cyclin A folds indicate that elements of the 
eukaryotic cell cycle control apparatus evolved from 
more fundamental transcriptional control components, 
demonstrating a link between the transcription and cell 
cycle molecular machineries. 
Introduction 
Transcription of protein-coding enes requires assembly 
at the promoter of the general transcription factors TFIIA, 
TFIIB, TFIID, TFIIE, TFIIF, and TFIIH in addition to RNA 
polymerase II (RNAPII), typically forming an initiation com- 
plex of 30 or more polypeptides (Conaway and Conaway, 
1993; Zawel and Reinberg, 1993). On TATA box-con- 
taining promoters, TFIID nucleates initiation complex as- 
sembly through its TATA box-binding protein (TBP) sub- 
unit, perhaps assisted by TFIIA. The TBP-promoter 
complex is subsequently recognized by TFIIB, which acts 
as a bridging factor (Buratowski et al., 1989) by recruiting 
RNAPII/TFIIF. Initiation complex assembly is completed 
by association of TFIIE and TFIIH. It should be noted that 
this concept of stepwise transcription complex assembly 
has recently been challenged by the purification from 
yeast of a preassembled transcription complex incorporat- 
ing RNAPII, a subset of general transcription factors and 
coactivators (Koleske and Young, 1994; Kirn et al., 1994b). 
TFIIB comprises a single polypeptide (Ha et al., 1991; 
Malik et al., 1991) with two functionally distinct domains 
(Barberis et al., 1993; Buratowski and Zhou, 1993; Ha et 
al., 1993; Hisatake et al., 1993a; Malik et al., 1993) (Figure 
1A). Residues 106-316 of human TFIIB form a relatively 
stable domain (Barberis et al., 1993; Malik et al., 1993) 
containing two imperfect direct repeats (residues 124-200 
and 218-294). This domain is sufficient for interaction with 
the TBP-promoter complex (Barberis et al., 1993; Ha et 
al., 1993; Yamashita et al., 1993) and can bind RNAPII 
in solution (Ha et al., 1993). The reported cryptic DNA 
binding ability of TFIIB also resides within this domain 
(Malik et al., 1993). The protease-sensitive (Barberis et 
al., 1993; Maiik et al., 1993) N-terminal 105 residues are 
required for incorporation of TFIIF and RNAPII into the 
transcription complex (Ha et al., 1993; Hisatake et al., 
1993a; Yamashita et al., 1993), probably through interac- 
tion with the RAP30 subunit of TFIIF (Ha et al., 1993). 
Evidence for the pivotal role of TFIIB in transcription 
initiation includes the following: TFIIB is conserved 
through evolution from archaebacteria to humans (Ou- 
zounis and Sander, 1992; Creti et al., 1993); BRF1, a 
TFIIB-related factor, is involved in RNA polymerase III tran- 
scription (Buratowski and Zhou, 1992; Colbert and Hahn, 
1992; L6pez-De Le6n et al., 1992); in combination with 
RNAPII, TFIIB determines the transcription start site (Pinto 
et al., 1992; Li et al., 1994); TFIIB is involved in functionally 
relevant interactions with gene-specific transcriptional 
regulator proteins (Choy and Green, 1993; Colgan et al., 
1993, 1995; Roberts et al., 1993; Blanco et al., 1995; Sauer 
et al., 1995), perhaps in combination with TFIID subunits 
(the TBP-associated factors or TAFs) (Goodrich et al., 
1993). 
With the exception of the TBP-TATA box complex crys- 
tal structure (Kim et al., 1993a, 1993b), there is no detailed 
structural information on the eukaryotic transcription initia- 
tion complex. Toward a deeper understanding of the as- 
sembly and regulation of this intricate piece of cellular 
machinery, we have determined the three-dimensional 
structure in solution of the C-terminal core domain of hu- 
man TFIIB (hereafter termed TFIIBo) (Figure 1A), using 
nuclear magnetic resonance (NMR) spectroscopy. De- 
spite the resemblance in amino acid sequence organiza- 
tion with respect to direct repeats and basic residue re- 
peats (Hisatake et al., 1993a; Malik et al., 1993), the 
three-dimensional structure of TFIIBc is completely differ- 
ent from that of the TBP C-terminal core domain (Nikolov 
et al., 1992). The TFIIBo fold is, however, similar to that 
of cyclin A (complexed with cyclin-dependent kinase 2 
[CDK2]) (Jeffrey et al., 1995). We have also used a TBP- 
derived peptide to probe the protein surfaces potentially 
involved in TFIIB-TBP interaction. 
Results and Discussion 
Structure Determination 
The structure of TFIIBc, comprising residues 1-3 followed 
by residues 112-316 of full-length TFIIB, was determined 
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Figure 1. Features of Full-Length TFIIB, Se- 
quence Alignment, and Polypeptide Fold of 
TFIIBo 
(A) Schematic depiction of full-length human 
TFIIB. The direct repeats (denoted by arrows), 
basic repeats (plus signs), and potential Zn- 
binding site (Zn) are highlighted. TFIIBc is the 
portion of TFIIB for which we have determined 
the three-dimensional structure. 
(B) Alignment of the direct repeats of TFIIBc 
from different species. First direct repeat heli- 
ces are labeled A1-E1 and second repeat heli- 
ces A2-E2. The extent of each helix is indi- 
cated by its respective color bar above the 
alignment, and pairs of c~ helices occupying 
matching sequence positions and a corre- 
sponding location within each repeat (does not 
apply to A1 and A2) are in the same color. Se- 
lected highly conserved parts of the sequence 
are highlighted using the corresponding ~ helix 
color codes. Conserved regions outside of the 
a helices are highlighted in yellow. Buried resi- 
dues (<7% exposed tosolvent) are underlined. 
Basic residues within the basic repeats (helices 
A1 and El) at either end of the first repeat are 
indicated in blue type. The sequences identi- 
fied by BRF1 are from the N-terminal half of 
the 70 kDa BRF1 subunit of Saccharomyces 
cerevisiae TFIIIB. The sequence numbers 
above the alignments are forhuman TFIIB. The 
polypeptide used inthis NMR study effectively 
begins at residue Arg-112. This figure was pre- 
pared using ALSCRIPT (Barton, 1993). 
(C) Polypeptide fold of TFIIBc. a helices are 
highlighted using the same color scheme as in 
(B). This figure was produced with MOL- 
SCRIPT (Kraulis, 1991). 
by means of multidimensional single, double, and triple 
resonance NMR spectroscopy using three types of TFIIBo 
sample: unlabeled, uniformly I~N labeled, and uniformly 
lSNP3C labeled. Recombinant TFIIBc (rTFIIBc) was shown 
to bind a TBP-promoter complex equally as well as full- 
length human TFIIB, as described in Experimental Proce- 
dures. Structure calculations employed simulated anneal- 
ing protocols with a total of 3610 experimental NMR 
restraints. A summary of structural statistics i given in 
Table 1. The 30 final simulated annealing structures are 
shown superimposed in stereo in Figure 2. 
Structure Description 
TFIIBc is predominantly a-helical (Figures 1 B, 1C, and 2) 
with overall dimensions of -54  .~. x 33 .~ x 35 ~.. The 
two imperfect direct repeats (Figure 1A) adopt similar sec- 
ondary and tertiary structures such that TFIIBc I~ossesses 
internal pseudo-twofold symmetry (Figures 1B and 3). 
Each repeat consists of five c~ helices in approximately 
corresponding sequence positions (Figure 1B). The cc heli- 
ces of the first repeat are termed A1-E1 and their counter- 
parts in the second repeat A2-E2 (Figures 1B, 1C, and 
2). A1, which begins before the first repeat, and A2 are 
the only pair of helices not to adopt roughly equivalent 
three-dimensional positions within their respective re- 
peats. Antiparallel helix pairs B1-C1 and B2-C2 form a 
scaffold supporting the remaining three ~ helices in each 
repeat. Helices C1 and C2 make particularly critical contri- 
butions to the rather extended hydrophobic core through 
a series of buried residues (Figure 1B). The second repeat 
has a lower content of regular secondary structure than the 
first (Figures 1 B, 2, and 3), correlating with the presence of 
amino acids of lower intrinsic a-helical ~, ~ dihedral angle 
propensity (Swindells et al., 1995) relative to their first re- 
peat counterparts. Examples are the highly conserved pro- 
line at position 250, tyrosines at positions 289 and 293, 
and proline at 294 (Figure 1B). The second direct repeat 
is followed by a long loop to the end of the polypeptide. 
This loop feeds back into the core of the second repeat 
(Figure 1C) such that Leu-316, the C-terminal residue, is 
involved in important hydrophobic core-packing interac- 
tions, including contacts with the aromatic ring of Tyr-165 
from the first direct repeat. 
TFIIB is a highly conserved protein among higher eu- 
karyotes. For example, rat, Xenopus, and Drosophila 
TFIIBs share 99%, 94%, and 79% identity with human 
TFIIB (Figure 1B). These TFIIBs must adopt a structure 
very similar to that of human TFIIB. While the sequence 
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Table 1. Structural Statistics 
Statistics <SA> 
Root-mean-square deviations from experimental distance restraints (Angstroms) 
All (3436) 
Sequential (li - Jl = 1) (906) 
Medium range (li - Jl ~< 5) (726) 
Long range (li - Jl > 5) (830) 
Intraresidue (866) 
H bond (108) 
Root-mean-square deviations from experimental dihedral restraints (degrees) (174) 
F,oE (kcal/mol) a 
Fodi, (kcal/mol) 
Frepel (kcal/mol) ~ 
EL_j (kcal/mol) ° 
Deviations from idealized covalent geometry 
Bonds (,&.ngstroms) 
Angles (degrees) 
Impropers (degrees) 
Root-mean-square distribution about mean coordinate positions (,~ngstroms) 
All backbone (N, Ca, and C) atoms 
All heavy atoms 
0.025 _+ 0.003 
0.021 _+ 0.008 
0.029 _+ 0.007 
0.034 _+ 0.003 
0.005 .4- 0.004 
0.042 _ 0.010 
0.38 _+ 0.13 
68.1 _ 1.5 
1.59 _+ 0.38 
54.2 _ 7.9 
-205 ___ 29 
0.006 _+ 0.000 
1.86 _ 0.003 
1.04 _+ 0.002 
0.82 
1.41 
<SA> are the 30 simulated annealing structures. The number of each type of restraint used in the structure calculations is given in parentheses. 
a FNoE and Fcd~h were calculated using force constants of 50 kcal/moI-VA 2 and 200 kcal/mol Vrad 2, respectively. 
b F,epe~ was calculated using a final value of 4.0 kcal/moI-V, &,4 with the van der Waals hard sphere radii set to 0.75 times those in the parameter 
set PARALLHSA supplied with X-PLOR 3.1 (BrQnger, 1993). 
EL_j is the Lennard-Jones van der Waals energy calculated with the PARMALLH3X parameters supplied with X-PLOR 3.1 and is not included 
in the target function for simulated annealing. 
identities are lower for yeast and archaebacterial TFIIBs, 
the high conservation among all known TFIIB sequences 
in structurally (a helices B1, B2, C1, and C2) and function- 
ally (0t helix El)  critical portions of the molecule (Figure 
1B) is suggestive at least of a similar fold. 
Amino acid sequence analysis of human, Drosophila, 
and Xenopus TFIIBs indicated the xistence of two subdo- 
mains within each of the direct repeats (Yamashita et al., 
1992): the N-terminal half of each repeat has slightly lower 
sequence conservation compared with the C-terminal half, 
with alterations in the positions of certain conserved resi- 
dues. This correlates with the arrangement of the subdo- 
mains within TFIIBo: the C-terminal halves of each direct 
repeat abut one another in the central portion of TFIIBc, 
thereby constituting the interface between the two direct 
repeats (Figures 1C and 2). In contrast, the two N-terminal 
halves of the repeats lie at opposite ends of the molecule, 
where there is probably greater freedom for amino acid 
changes while maintaining the same fold. 
The Central Belt of Positive Electrostatic Potential 
TFIIB contains two basic repeat regions (approximately 
residues 105-127 and 186-200) at either end of the first 
direct repeat (Figure 1A). Our analysis reveals that resi- 
dues 112-127 (the polypeptide used in this study does 
not include residues 105-111) and 188-202 form basic 
Figure 2. Stereoview Showing a Best-Fit Superimposition of 30Simulated Annealing Structures of TFIIBc 
To emphasize the central location of the respective subdomains 2 and the peripheral location of the respective subdomains 1, we have colored 
the direct repeat subdomains (Yamashita et al., 1992) as follows: subdomain 1 of repeat 1 is green, subdomain 2 of repeat 1 is blue, subdomain 
1 of repeat 2 is red, and subdomain 2 of repeat 2 is orange. Only the backbone N, Ca, and C atoms are depicted. 
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Figure 3. Comparison of the Motifs Formed by the First and Second Direct Repeats of TFIIBc and by the First Repeat of Cyclin A 
(A) Side-by-side views of the first and second repeats of TFIIBc and of the first repeat of cyclin A (Jeffrey et al, 1995). The (~ helices are depicted 
using the coloring scheme described in the legend to Figure 1. The ~ helices of the first repeat of cyclin A are labeled according to the nomenclature 
of Jeffrey et al. (1995). 
(B) Stereoview of the superimposed Ca traces of the first and second repeats of TFIIBc. The first repeat is shown using the thicker line. The 
N-terminus of each repeat is indicated as a sphere (closed circle for the first repeat, stippled for the second repeat), and c~ helices are labeled. 
(~ helices A1 and A2 are omitted since they occupy nonequivalent positions within their respective repeats. The root-mean-square deviation 
between the repeats when the backbone (N, Ca, and C) atoms of residues 133-150, 155-197 and 227-241,249-291 of the mean coordinates 
are superimposed is 2.25/~.. The mean coordinate positions were obtained by averaging the coordinates of the 30 individual structures, best fit 
to each other. This figure was produced with MOLSCRIPT (Kraulis, 1991). 
amphipathic c( helices (helices A1 and E1 ; see Figures 1 8 
and 1C), confirming previous predictions (Ha et al., 1991; 
Yamashita et al., 1992). 
While the basic residues within (~ helix A1 (Arg-105, Arg- 
112, Lys-119, and Arg-127 in human TFIIB) are conserved 
among human, rat, Drosophila, and Xenopus TFIIBs (Fig- 
ure 1 B), previous mutation studies (Yamashita et al., 1993) 
indicate that strong basic character in this region is not 
essential for TF I IB-TBP-promoter  complex formation and 
basal transcription. Rather, m-helical secondary structure 
is apparently required for local structural integrity, proba- 
bly through correct positioning of highly conserved hy- 
drophobic core residues such as Ala-117 and Ile-121. 
The sequence of the N-terminal half of helix E1 is highly 
conserved (Figure 1B): This, plus the presence of numer- 
ous basic residues, suggests an important functional role 
for this portion of TFIIBo. This is borne out by the results of 
previous studies of TFIIB interaction with a TBP-promoter  
complex (Ha et al., 1993; Yamashita et al., 1993) and with 
the transcriptional activator VP16 (Roberts et al., 1993). 
Residues Lys-188, Lys-189, Arg-193, Lys-196, and Lys- 
200 within helix E l ,  supplemented by nearby Lys-178, Arg- 
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Figure 4. The Molecular Surface of TFIIBc 
(A) The molecular surface colored according to electrostatic potential. 
The molecular orientation is such that TFIIBo has been rotated -70 ° 
relative to the orientations shown in Figures 1C and 2, to place helix 
E1 almost vertical and nearest the viewer (more clearly shown in [B]). 
Blue corresponds to positive potential, red to negative potential. The 
belt of positive lectrostatic potential formed by residues in amphi- 
pathic helix E1 together with nearby basic residues is centrally located 
and stretches across the molecular surface. The Lys-149, Lys-152, 
and Arg-154 basic cluster occupies the same molecular face. Arg-248 
lies reasonably close (<10 ,&,) to the edge of the central basic belt. 
Potential functions of these basic regions include TBP binding and 
interactions with DNA and regulatory factors. The potential surface 
was calculated and displayed using GRASP (Nicholls et al., 1991). 
(B) TFIIBc oriented as in (A), with surface hydrophobic residues of 
the second direct repeat indicated as yellow spheres and labeled by 
residue number. First direct repeat helices arelabeled A1-E1 and 
second repeat helices A2-E2, as in Figures 1 and 3. The helix coloring 
scheme of Figure 1 is retained. This figure was produced with MOL- 
SCRIPT (Kraulis, 1991). 
290, Arg-295, and Lys-312, form an extenswe oelt of posi- 
tive electrostatic potential across the central portion of the 
TFIIBc undersurface (as the molecule is oriented in Figures 
1C and 2) (Figure 4A). The total solvent-exposed surface 
2 2 area of these nine basic residues is - 1120 ,~ ( - 460 ,~ for 
the four basic residues outside helix El, of which Lys-178, 
Arg-290, and Arg-295 are highly conserved). This is - 10% 
of the total accessible surface area of TFIIBc. The func- 
tional significance of this belt of positive charge is dis- 
cussed below. 
Putative DNA Contact Sites 
TFIIB-DNA interactions have been shown by DNase I foot- 
printing (Malik et al., 1993), hydroxyl radical footprinting 
(Lee and Hahn, 1995), and site-specific protein-DNA pho- 
tocross-linking (D. R. and R. H. Ebright, unpublished ata) 
to occur both upstream and downstream of the TATA box 
in the TFIIB-TBP-promoter complex (see Figure 6A). This 
DNA binding capacity has been shown to reside in TFIIBc 
(Lee and Hahn, 1995; D. R. and R. H. Ebright, unpublished 
data). Given the dimensions of TFIIBc, the TBP-induced 
DNA bend (Kim et al., 1993a, 1993b) is a likely prerequisite 
for simultaneous TFIIBc contacts upstream and down- 
stream of the TATA box. TFIIBc may therefore be consid- 
ered as a DNA conformation-specific DNA-binding protein. 
Residues in the central belt of positive electrostatic po- 
tential including amphipathic <z helix E1 are obvious candi- 
dates for interaction with DNA in the TFIIB-TBP-promoter 
complex. Additional candidates are the smaller basic clus- 
ters formed by Lys-149, Lys-152, and Arg-154 and by His- 
234, Arg-237, and Lys-238 (Figure 4A). The former cluster, 
in the loop between <z helices B1 and C1, is particularly 
well conserved (Figure 1B), implying functional signifi- 
cance. Its proximity ( -  6-10 h,) to helix E1 and location on 
the same molecular face (Figure 4A) are also noteworthy. 
Three double mutants (Gly-153~Ala, Arg-154~Thr; Gly- 
153~Ala, Arg-154-~Lys; and Gly-153~Asp, Arg-154-* 
Lys) in this region of TFIIB~ have previously been made 
and characterized (Buratowski and Zhou, 1993). These 
residues were selected for mutation based on their high 
sequence conservation (Figure 1B). The first and third of 
these mutants showed some reduction in TFIIB-TBP-pro- 
moter complex formation, as monitored by native gel elec- 
trophoresis. In the same study (Buratowski and Zhou, 
1993), the corresponding, highly conserved (Figure 1B) 
residues in the second repeat, Gly-247 and Arg-248, were 
also mutated. Intriguingly, the mutants involving these res- 
idues (Gly-247~Val, Arg-248~Thr; and Gly-247-*Val) 
could not stably bind the TBP-promoter complex. It is not 
clear whether the effect of these mutations occurs through 
disruption of the TFIIBo structure or whether the residues 
selected for mutation are involved in important direct con- 
tacts with TBP or DNA in the TFIIB-TBP-promoter com- 
plex. As a point of clarification with respect to Figure 4A, 
Arg-248 cannot be considered an integral part of the cen- 
tral belt of positive electrostatic potential, but is reasonably 
close (<10 ~,) to the edge of the central basic belt at 
Arg-290. 
Hydrophobic Surface of the Second Repeat 
The surface of the second direct repeat is markedly more 
hydrophobic than that of the first. For example, the follow- 
ing groups of residues form a series of four linked hy- 
drophobic patches (Figure 4B): Met-215, Phe-218, Ile-277, 
Phe-214; Ala-254, Val-240, Pro-250; Pro-246, Leu-242, 
Leu-244, Leu-291, Ile-292; Leu-299, Pro-301, Phe-306, 
Pro-314, where the two residues connecting each hy- 
drophobic area are listed as the last in one group and the 
first in the next group. A hydrophobic amino acid type at 
most of these positions is conserved (Figure 1B). The total 
solvent-exposed area of these hydrophobic, residues, 
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1190 ~2, constitutes just over 10% of the total accessible 
surface area of TFIIBc. Hydrophobicity of the second direct 
repeat surface may provide an interaction site for one or 
more components of the transcription machinery. 
Similarity to Cy¢lin A 
A nuclear regulatory protein superfamily spanning TFIIB, 
cyclin, and retinoblastoma protein families has been pro- 
posed, based on profile database searches (Gibson et al., 
1994). The existence of such a superfamily is strongly 
supported by the similarity in the folds of cyclin A (com- 
plexed with CDK2) (Jeffrey et al., 1995) and TFIIBc (Figure 
3A). Cyclin A possesses two repeated motifs, each con- 
sisting of five (~ helices in a similar arrangement o the 
TFIIBo helices, with the third helix (corresponding to heli- 
ces C1 and C2 in TFIIBc) forming much of the hydrophobic 
core. In the first repeat of TFIIBc, helices A1, B1, D1, and 
E1 pack against helix C1 at 41 °, -48 °, 47 °, and 130 °, 
respectively. The corresponding reported angles in cyclin 
A are 43 °, -47 °, 39 °, and 105 ° (Jeffrey et al., 1995). How- 
ever, the packing of the repeats relative to each other is 
quite different: the TFIIBo repeat interface occurs in the 
region comprising helices C1, D1, C2, and D2. In cyclin 
A, the first and second helices of each repeat are involved 
in interrepeat packing, whereas the equivalent TFIIBc heli- 
ces (A1, B1, A2, and B2) occupy more solvent-exposed 
locations at opposite ends of the molecule (Figures 1C 
and 2). A conformational search of the Brookhaven Protein 
Data Bank using the SARF algorithm (Alexandrov et al., 
1992) did not identify any additional proteins with close 
structural similarities to TFIIBc. 
Cyclins are involved in cell cycle regulation through acti- 
vation of the CDKs. Numerous hydrophobic residues in 
the first repeat of cyclin A, plus hydrogen-bonding net- 
works, are utilized in the cyclin A-CDK2 interaction (Jef- 
frey et al., 1995). Owing to the contrast in repeat packing 
and consequent differences in surface characteristics, it 
seems unlikely that TFIIBo is able to bind CDKs efficiently, 
ostensibly refuting a previous suggestion (Gibson et al., 
1994). The similarity between the TFIIBc and cyclin A re- 
peat motif folds (Figure 3A) does, however, support the 
notion that eukaryotic cell cycle regulatory components 
evolved from more fundamental components of the tran- 
scriptional apparatus such as TFIIB (Gibson et al., 1994), 
Other known links between the cell cycle and basal tran- 
scription machineries include the presence of CDK- 
activating kinase and its associated cyclin in TFIIH (Roy 
et al., 1994; Serizawa et al., 1995) and the gene encoding 
the largest subunit of TFIID, shown to be identical to the 
CCG1 cell cycle control gene (Ruppert et al., 1993; Hisa- 
take et al., 1993b). 
TFIIB-TBP Interaction 
Yeast TBP mutagenesis (Kim et al., 1994a) and human 
TBP alanine scanning mutagenesis (D. R. and R. H. 
Ebright, unpublished data) studies indicate that the region 
of TBP most important for interaction with TFIIB can be 
localized to three residues in the stirrup between strands 
$2' and $3' (Nikolov et al., 1992) (residues Glu-284, Glu- 
286, and Leu-287 in human TBP [Hoffmann et al., 1990; 
Peterson et al., 1990]; see Figure 6A). To probe the region 
of the TFIIBo surface involved in binding TBP, we titrated 
a 15N-labeled TFIIBo NMR sample with a peptide of the 
same sequence (FSSYEPELFPGLIYR) as residues 280- 
294 of human TBP, which includes the C-terminal stirrup 
(Nikolov et al., 1992). This is a very highly conserved part 
of the TBP sequence (Hoffmann et al., 1990; Peterson et 
al., 1990). At each of the titration points, a 1H-15N correla- 
tion NMR spectrum (Zhang et al., 1994) was recorded. 
Mapping the binding site with a TBP-derived peptide rather 
than with the TBP core domain ( -180  residues) means 
that the overall molecular weight of the complex with 
TFIIBc is within the range for which high quality NMR spec- 
tra can be readily obtained. TFIIBc chemical shift changes, 
due to structural perturbations induced by specific interac- 
tion of the peptide with TFIIBo, are plotted in Figure 5A. 
The specificity of the TFIIBo-peptide interaction is demon- 
strated by the fact that every TFIIBo backbone NH group 
gave a single NMR signal at each of the points in the 
titration. Moreover, no changes in chemical shift were ob- 
served upon adding peptide beyond a 1:1 ratio of TFIIBo 
and peptide, suggesting that the TFIIBc-peptide interac- 
tion has a 1:1 stoichiometry. We note that use of a peptide 
rather than TBP core domain and the absence of DNA limit 
the degree to which the NMR titration results necessarily 
reflect the TFIIB-TBP-binding site in the TFIIB-TBP-pro- 
rooter complex. The results of the peptide titration (see 
below) are, however, consistent with previous biochemical 
analyses of TFIIB binding to the TBP-promoter complex 
that showed that basic residues in helix E1 are essential 
(Ha et al., 1993; Yamashita et al., 1993). 
In the TBP peptide titration, significant chemical shift 
changes of backbone 1HN (>0.02 ppm) and ~SN (>0.05 
ppm) nuclei occur in similar regions of TFIIBo (Figure 5A), 
centered on amphipathic helix E1 (Figures 4A and 6B). 
This helix and immediately preceding and following se- 
quences are the solvent-exposed parts of TFIIBo most af- 
fected in the peptide titration, particularly with respect to 
~HN chemical shifts (Figure 5A). Amphipathic helix E1 is 
therefore the most likely peptide interaction site. Chemical 
shift changes in the cornerstone helix C1 and Phe-177, 
both of which have contacts with buried helix E1 residues 
such as Ile-191, Phe-195, and Ile-198, suggest that struc- 
tural perturbations are relayed through helix E1 to the hy- 
drophobic core of the first direct repeat. Chemical shift 
changes in the regions immediately following helix El, 
including the long loop connecting the direct repeats and 
helix A2, may also reflect indirect structural effects re- 
sulting from peptide binding to helix El. 
The role of electrostatic interactions in TFIIBc-peptide 
complexation was examined by means of a similar titration 
using a peptide in which the two glutamates had been 
changed to alanines (sequence FSSYAPALFPGLIYR). 
Chemical shift changes (data not shown) occur over a 
smaller portion of TFIIBo and are of significantly lower mag- 
nitude (on average three to four times lower) than those 
induced by the wild-type TBP peptide. In particular, the 
large shifts observed for Phe-177 in the wild-type peptide 
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Figure 5. TFIIBc Interaction with a TBP-Derived Peptide 
(A) TBP peptide-induced chemical shift changes of the backbone amide hydrogen (1H N) and nitrogen (~SN) atoms of TFIIBc. Chemical shift differences 
between ~SN-tabeled TFIIBc:TBP peptide (1:1.4 ratio) and pure l~N-labeled TFIIB~ are plotted. ~-Helical regions are displayed above the plot, and 
chemical shift changes of residues within the helices are colored correspondingly. Positive chemical shift changes are denoted by the plus signs 
just below the horizontal axis. 
(B) Peptide competition-gel mobility shift assay. To elucidate the effect of TBP peptides on TFIIB-TBP interaction, wild-type peptide (lanes 3, 4, 
and 5; open circles on plot) and mutant peptide (lanes 6, 7, and 8; closed circles on plot) were added to a DNA binding assay. Changes in the 
formation of the TAB complex (see text) were monitored as a function of peptide concentration. 
titration (Figure 5A) are reduced to a negligible level. Thus, 
the two glutamates in the wild-type peptide, corresponding 
to Glu-284 and Glu-286 in human TBP, are critical to inter- 
action with TFIIBc. 
To test the functional significance of this specific TBP 
peptide-TFIIBc interaction, we performed a competition 
assay in which the two peptides were monitored for their 
ability to disrupt TBP-TFIIA-TFIIB (TAB) complex forma- 
tion, using gel mobility shift assays (Figure 5B). Using both 
wild-type TFIIB and TFIIBc, the wild-type TBP peptide was 
able to disrupt TAB complex formation by up to 40%, 
whereas no appreciable disruption f TAB complex forma- 
tion was observed by the control peptide. 
Taken together, these results suggest that TBP binds 
through its C-terminal stirrup to TFIIB (Figure 6A), consis- 
tent with yeast TBP mutagenesis (Kim et al., 1994a) and 
human TBP alanine scanning mutagenesis (D. R. and 
R. H. Ebright, unpublished data) studies. Further, interac- 
tions involving the two stirrup glutamate residues, Glu-284 
and Glu-286 in human TBP, are probably critical to TFIIB- 
TBP complexation. In our NMR titration, the complemen- 
tary positive charges on TFIIB are most likely provided by 
residues in amphipathic helix E1 (Figures 4A, 5A, and 
6B). Previous studies of TFIIB interaction with the TBP- 
promoter complex, employing deletion and site-directed 
mutagenesis, indicated that basic residues in arnphipathic 
helix E1 are essential (Ha et al., 1993; Yamashita et al., 
1993). These studies did not, however, delineate which 
TFIIB residues interact with TBP and which with DNA. The 
present structural analysis reveals that helix E1 is a major 
component of an extensive belt of positive electrostatic 
potential (Figure 4A) that is much larger than the TBP 
C-terminal stirrup. Accordingly, previous mutational analy- 
sis of Drosophila TFIIB showed that only two basic resi- 
dues in amphipathic helix E1 (any two of Lys-189, Arg-193, 
and Lys-196; these sequence numbers are for human 
TFIIB) are sufficient for TFIIB-TBP-promoter complex for- 
mation and basal transcription (Yamashita et al., 1993). 
Should helix E1 prove to be the TBP-binding site, its re- 
maining basic residues (Lys-188 and Lys-200) and others 
in the vicinity, including Lys-178, Arg-290, Arg-295, and 
Lys-312, might be expected to participate in binding pro- 
teins other than TBP, as discussed below, or to make 
contacts with DNA. 
Implications for Transcription Initiation 
TFIIBo adopts a cyclin A-like (Jeffrey et al., 1995) s-helical 
fold in solution with some notable features. The surface 
of the second repeat has several connected hydrophobic 
patches potentially involved in as-yet-undefined protein- 
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Figure 6. Sites Involved in Interaction between TFIIBc and the TBP-Promoter Complex 
(A) A side-on view of the Arabidopsis thaliana TBP-TATA complex (Kim et al., 1993a) with B-form DNA extensions. TBP is shown as a green 
ribbon; most of the DNA is cyan. TBP C-terminal stirrup residues (Glu-284, Glu-286, and Leu-287) critical for interaction with TFIIBc are red, and 
the DNA bases that are protected upon TFIIB binding to theTBP-promoter complex (-22, -23 and -34, -35 in the transcribed strand, -17 to 
-19 in the nontranscribed strand) (Malik et al., 1993; Lee and Hahn, 1995; D. R. and R. H. Ebright, unpublished ata) are blue. 
(B) A side-on view of the TFIIBc surface most likely to be involved in binding TBP and DNA in the TFIIB-TBP-promoter complex. The molecule 
has been rotated -90 ° clockwise in the plane of the paper relative to he orientation shown in Figures 1C and 2. TFIIBc is shown magnified - 1.5 
times relative to the TBP-promoter complex in (A). Basic residues of the extensive central belt of positive electrostatic potential and the basic 
clusters formed by Lys-149, Lys-152, and Arg-154 and by His-234, Arg-237, and Lys-238 are blue. Hydrophobic surface residues of the second 
direct repeat re yellow. The TFIIB~ backbone is green. This figure was produced with MOLSCRIPT (Kraulis, 1991) and rendered for a Silicon 
Graphics display with Raster3D (Bacon and Anderson, 1988). 
protein contacts. The surface of the first repeat is domi- 
nated by a large central belt of positive electrostatic poten- 
tial (Figure 4A). A fraction of this basic area is sufficient 
for formation of a TFIIB-TBP-promoter complex and for 
basal transcription (Yamashita et al., 1993). It has not yet 
been rigorously established which basic residues contact 
TBP or DNA in the TFIIB-TBP-promoter complex. The 
TBP residues responsible for binding TFIIB are probably 
Glu-284, Glu-286, and Leu-287 in the TBP C-terminal stir- 
rup (Figure 6A) (Kim et al., 1994a; D. R. and R. H. Ebright, 
unpublished data). In our NMR titration experiments, am- 
phipathic helix E1 is the likely TFlIBo-binding site of a TBP- 
derived peptide containing these two glutamates and a 
leucine (Figure 5A). 
Given that the site through which TBP binds TFIIBo con- 
sists of two glutamates and a leucine and that DNA is 
dominated by negative electrostatic potential, we infer that 
the surface of TFIIBo most closely approaching TBP and 
DNA in the TFIIB-TBP-promoter complex is that con- 
taining the extensive central belt of positive charge and 
the cluster comprising Lys-149, Lys-152, and Arg-154 in 
the loop between o~ helices B1 and C1 (Figures 4A and 
6B). The location of Gly-247 and Arg-248 near the edge 
of the central basic belt (Figure 4A) is compatible with 
these residues also coming into proximity with TBP, DNA, 
or both, in accord with the results of Buratowski and Zhou 
(1993). Further analysis of the TFIIBo structure and the 
location of the TFIIB-binding sites in the TBP-TATA box 
complex (Malik et al., 1993; Lee and Hahn, 1995; Kim et 
al., 1994a; D. R. and R. H. Ebright, unpublished data) 
(Figure 6A) indicates that the basic surface of TFIIBo most 
probably binds beneath the TBP saddle, such that he DNA 
is sandwiched by the two proteins. We do not discount, 
however, the possibility that TFIIBc binds more to one side 
of the TBP-promoter complex. The dimensions of the 
TFIIBc molecule imply that TBP-induced DNA bending is 
essential for simultaneous TFIIBo contact with DNA sites 
both upstream and downstream of the TATA box and 
therefore that DNA conformation is a key factor in TFIIB 
recognition and binding of the TBP-promoter complex. 
TFIIB links the TBP/TFIID-promoter complex to RNAPII 
and consequently to the other general factors. As such, 
TFIIB is a critical target for numerous proteins that regulate 
transcription (Choy and Green, 1993; Colgan et al., 1993, 
1995; Roberts et al., 1993; Blanco et al., 1995; Sauer et 
al., 1995). The central basic belt that stretches across the 
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unders ide of  TFIIB~ (F igures 4A and 6B), perhaps  in combi-  
nat ion with the Lys-149, Lys-152, and Arg-154 basic clus- 
ter, can be env isaged to accommodate  mult iple factors.  
This is cons istent  with a prev ious  proposa l  (Choy  and 
Green,  1993) that  TFIIB b inds s imul taneous ly  to promoter -  
bound TBP and acidic act ivator  VP16. Such s imul taneous  
contacts  with genera l  t ranscr ipt ion factors,  permitted by 
the extens ive  TFIIBo basic surface,  might contr ibute to the 
potency  of act ivat ion domains  such as that of VP16, which 
induces both eff ic ient loading of  RNAPII  onto a promoter  
and high RNAPI I  processivity.  
Experimental Procedures 
Sample Preparation and Assay 
TFIIBo (comprising residues 1-3 followed by 112-316 of human TFIIB) 
was expressed and purified as previously described (Ha et al., 1993), 
except that uniformly ~SN- and ~SN/13C-labeled protein was obtained by 
using lSNH4Cl and ~SNH4CI/[~3C6]-D-glucose as the sole nitrogen and 
nitrogen/carbon sources in M9 medium. The mass of the polypeptide 
was confirmed to be the expected value as determined by electrospray 
ionization mass spectrometry. Gel filtration analysis indicates that 
TFIIB~ is monomeric in solution (data not shown). Using gel mobility 
shift assays to monitor formation of complexes between DNA, yeast 
TBP and TFIIA (the TA complex), and between DNA, yeast TBP, TFIIA, 
and wild-type TFIIB or TFIIBc (the TAB complex), the activity of TFIIBo 
was examined and found to be equivalent within the limits of experi- 
mental error to that of wild-type TFIIB. Four TFIIB~ samples were as- 
sessed for activity in this manner: unlabeled TFIIB~, unlabeled TFIIB~ 
recovered from an NMR sample, '~N-labeled TFIIB~, and ~SN-labeled 
TFIIB~ recovered from an NMR sample. Uniformly I~N- and ~SN/~3C- 
labeled TFIIBo was dissolved in 95% H20, 5% D20, and unlabeled 
TFIIB~ was dissolved in 99.996% D20. NMR samples contained 0.5- 
1.0 mM TFIIBo, 10 mM sodium phosphate, 7.5 mM perdeuterated i- 
thiothreitol, and 50 p.M sodium azide, pH was adjusted to 5.8 without 
correction for deuterium isotope effects. 
NMR Spectroscopy and Structure Calculations 
NMR spectra were recorded at 23°C using Varian Unity Plus 500 and 
Unity 600 spectrometers, each equipped with a pulsed-field gradient 
triple resonance probe. Sequential resonance assignments of back- 
bone 1H, ~SN, and 13C atoms were made using a combination of triple 
resonance experiments imilar to those previously described (Bagby 
et al., 1994a), except with enhanced sensitivity (Muhandiram and Kay, 
1994) and minimal H20 saturation (Kay et al., 1994). Side chain ~H 
and ~3C assignments were made using HCCH-TOCSY (Bax et al., 
1990) experiments with mixing times of 8 ms and 16 ms. Since NMR 
signals from residues 1 and 2 were not observed, these residues were 
assumed to be disordered in solution and were not included in structure 
calculations. A total of 3328 distance restraints (Table 1) was obtained 
from nuclear Overhauser effect (NOE) cross peaks in two-dimensional 
~H-'H NOE spectroscopy (NOESY), three-dimensional lSN-edited 
NOESY-HSQC (Zhang et al., 1994) and three-dimensional simultane- 
ous acquisition ~SNF3C-edited NOE (Pascal et al., 1994) spectra with 
100 ms NOE mixing times. Peak intensities were assessed as strong, 
medium, weak, or very weak and translatedinto upper distance bounds 
of 2.7 A, 3.3 A, 5.0 A, and 6.0 A (2.9 A, 3.5 A, 5.0 A, and 6.0 ,~, for NOEs 
involving NH protons). Standard pseudo-atom distance corrections 
(WL~thrich et al., 1983) were incorporated to account for center averag- 
ing. An additional 0.5 ,&. was added to the upper limits for distances 
involving methyl groups (Wagner et al., 1987; CIore et al., 1987). NOE- 
derived restraints were supplemented by 108 hydrogen bond restraints 
based on identification of slowly exchanging backbone amide hydro- 
gen atoms in ~HJSN HSQC spectra recorded in D20. ~ (94) and 
(80) dihedral angle restraints were obtained using the chemical shift 
index (Wishart and Sykes, 1994). In a-helical regions, residues were 
assigned ~ and ~ angles of -65 ° and -40 °. The small number of 
residues adopting J3-type secondary structure were assigned ~ and u/ 
angles of -120 ° and 1300 . All dihedral angle restraints were given 
an allowed range of _+ 30 °. 
The structures were calculated using a simulated annealing protocol 
(Nilges et al., 1991 ) within X-PLOR (Brfinger, 1993) using a previously 
described strategy (Bagby et al., 1994b). Structural statistics are re- 
ported in Table 1. Interhelical angles in TFIIBc were calculated using 
an in-house program written by K. Yap. Accessible surface areas were 
calculated using the program Naccess, available from Prof. J. Thorn- 
ton, University College, London. 
Peptide Titration 
Two NMR titrations were performed, one with a peptide of sequence 
FSSYEPELFPGLIYR (wild type), equivalent o residues 280-294 of 
human TBP (Hoffmann et al., 1990; Peterson et al., 1990), the other 
with sequence FSSYAPALFPGLIYR (mutant) as a control (data not 
shown). Both peptides were chemically synthesized and HPLC- 
purified to >95% homogeneity by the Queen's University Peptide Facil- 
ity, Kingston, Ontario. The peptides were dissolved in distilled, deion- 
ized H20 to concentrations of 7.4 mM (wild type) and 3.8 mM (mutant), 
as determined by measuring OD28o and using an extinction coefficient 
calculated using GCG software (Genetics Computer Group, Madison, 
Wisconsin). The pH of the peptide solutions was adjusted to 5.7. 
~HJSN HSQC spectra (Zhang et al., 1994) were recorded at each of 
the following ratios of ~SN-labeled TFIIBc:TBP peptide: 1:0, 1:0.2, 
1:0.6, 1:1.0, and 1:1.4. No changes in the spectrum were observed 
on going from 1 : 1.0 to 1:1.4. The pH of the NMR sam pie before titration 
was 5.82 (wild type and mutant) and after titration was 5.7 (wild type) 
and 5.9 (mutant). 
Peptide Competition-Gel Mobility Shift Assay 
Reaction mixtures (20 p_l) contained 0.2 nM 32P-labeled DNA fragment 
containing the adenovirus major late promoter sequence from -40 
to +15, 25 I~g/ml poly(dG-dC)-(dG-dC) (Pharmacia), 25 mg/ml 
PEG8000, in reaction buffer (27 mM HEPES-KOH [pH 7.9], 20 mM 
MgCI2, 60 mM KCI, 0.6 mM DTT, 0.06 mM EDTA, 6% glycerol). Protein 
fractions of recombinant human TBP (13.5 nM; HQ-20 fraction, BIO- 
CAD) and human TFIIA (10 nM; AcA8 fraction, Spectre Incorporated) 
were incubated with labeled DNA for 15 min at 30°C to form a TA 
complex. Concomitantly, rTFIIB (7,5 nM; S-Sepharose fraction, 
Sigma) was incubated for 15 min on ice with wild-type or mutant pep- 
tides (diluted in buffer C-100, which consists of 20 mM HEPES-KOH 
[pH 7.9], 100 mM KCI, 0.1 mM EDTA, 1 mM DTT, 10% glycerol, 0.1 
mM phenylmethylsulfonylfluodde) at three different concentrations, as 
indicated. The preincubated rTFIIB-peptide mixtures were added to 
the TA complex, and reaction mixtures were incubated for an addi- 
tional 30 min at 30°C. The complexes were resolved by electrophoresis 
through a 5% polyacrylamide (29:1 acrylamide:bisacrylamide), 2.5% 
glycerol gel (11 V/cm for 2.5 hr at room temperature). Radioactivity 
from the area corresponding to the TAB and TA complexes was quanti- 
tated by phosphoimager (model GS-250, Bio-Rad). 
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